collected from 27 sites within the UK, were characterised using four genotyping methods and a serotyping scheme. A high strain diversity was identified among the isolates with 54 pulsotypes, ten (GTG)5-PCR types, two 16S rRNA allele lineages, seven plasmid profiles and three serotypes. Seven PFGE groups and 27 singletons were formed at a band similarity of 80%.
(RTFS) and bacterial cold water disease (BCWD) (Bernardet et al. 1996; Faruk, 2002; Starliper, 2011) . Its presence on fish farms requires close surveillance and the use of antimicrobial agents to control the disease. Although many attempts have been made to develop a broad spectrum (as opposed to an autogenous) commercial vaccine against RTFS during the last 20 years, new strategies and initiatives are still needed for vaccine development, which is hindered by the prevalence of a wide range of F. psychrophilum strains (Gómez et al. 2014) . Hence, the analysis of genetic diversity and population structure of this bacterium using molecular typing methods is essential to improve our understanding of this pathogen and, in turn, disease control at farm level.
Macrorestriction analysis by pulsed-field gel electrophoresis (PFGE) can be used to investigate the genetic variation of a bacterial population. With its high discriminatory ability and reproducibility, PFGE has been used successfully for molecular epidemiological characterisation These studies have shown that the genetic diversity of F. psychrophilum in these areas was associated with both geographical origin and the fish host from which the isolates were collected. Serotyping is useful for both diagnosis and seroepidemiological studies. Three serotypes (Th, Fd, established by Izumi and Wakabayashi (1999) are most commonly used for serotyping F.
psychrophilum (Madsen and Dalsgaard, 2000) . Some serotypes were clearly associated with the fish species from which the isolates were collected. Serotypes Th and O-3 are proposed to be broadly similar and predominant among F. psychrophilum strains isolated from rainbow trout in RTFS/BCWD outbreaks (Lorenzen and Olesen, 1997; Izumi and Wakabayashi, 1999; Mata et al. 2002 ).
In the UK, F. psychrophilum was first reported in diseased rainbow trout in 1992 (Santos et al. 1992 ). However, to date, no studies on the epidemiology of F. psychrophilum strains recovered in the UK have been published. Understanding the population structure of this fish pathogen is important for predicting outbreaks and setting up effective RTFS/BCWD control strategies, such as vaccination programs. The aim of this study was to describe the diversity of F. psychrophilum
isolates from affected farms within the UK using a combination of molecular and serotyping methods.
Materials and methods

Bacterial isolates and growth conditions
A total of 315 F. psychrophilum isolates were included in this study of which the majority of the 
Macrorestriction analysis by pulsed-field gel electrophoresis (PFGE)
The PFGE protocol was performed as described previously (Bartie et al. 2012) on the 315 F.
psychrophilum isolates using restriction enzyme SacI (New England BioLabs, UK) (Chen et al. h. Following electrophoresis, the gel was stained for 30 min in 1 µg mL -1 ethidium bromide (Sigma, UK), and then destained in Milli-Q distilled water (DW) for at least 1 h. A low range PFG marker (New England BioLabs, UK) was used as a molecular size marker. (Fermentas, Fisher Scientific, UK) was used as molecular size marker. Following electrophoresis, 7 the gels were stained and destained as described above. 8
Repetitive PCR (rep-PCR) genomic fingerprinting
16S rRNA allele-specific PCR assay 9
To investigate the presence of one or both 16S rRNA alleles, a PCR assay was isolates with a banding pattern similarity of ≥95 %. 48
According to the guidelines for interpreting chromosomal DNA restriction patterns produced by 49 PFGE (Tenover et al. 1995), a banding pattern similarity of ≥80 % (fewer than seven band 50 difference) was used to define a group of possibly related isolates, termed a PFGE group when 51 including more than one pulsotype, or a singleton when represented by a single pulsotype. A cut-52 off at 95 % similarity of the Jaccard's coefficient (fewer than three bands of difference) was used 53 to indicate PFGE pulsotypes containing closely related isolates. 54
Results 55
Macrorestriction analysis by PFGE 56
Three hundred and fourteen F. psychrophilum isolates were successfully typed using SacI PFGE. 57
A total of 54 pulsotypes, each containing approximately 22 fragments ranging in size from 20 kb 58 to 200 kb were identified (Fig. 1) . Seven PFGE groups (≥80 % similarity) and 27 singletons were 59 identified. 60
Two major PFGE clusters, I (n = 75) and II (n = 226), formed at a similarity of 40 % and their 61 outliers (n= 13) were revealed in the dendrogram. Cluster I was composed of two PFGE groups 62 and seven singletons (A -I) and 75 F. psychrophilum isolates retrieved from 11 sites in Scotland, 63
Northern Ireland, Chile and France. Cluster I was found to be associated with the large 64 predominant cluster II formed at the 47 % similarity level. Cluster II with five PFGE groups and 65 ten singletons (J -X) contained the majority of the study isolates (226/314, 72 %), 216 of which 
Rep-PCR using the (GTG)5 primer 83
Analysis of the 315 F. psychrophilum isolates by rep-PCR using the (GTG)5 primer revealed 12-84 14 fragments ranging in size from 600 to 5000 bp ( Fig. 2A) , predominated by two intense bands 85 of c. 1800 bp and c. 2600 bp. Ten (GTG)5-PCR types, r1 to r10, were identified based on subtle 86 differences on band position and intensity (Fig. 2B) . The majority of the isolates (198/315, 63%) 87 were classified into the (GTG)5-PCR type r1, which possessed two subtypes (r1a and r1b) defined 88 by a band intensity difference at 2300 bp. Isolates belonging to this major (GTG)5-DNA type r1 89 were widely distributed within the UK and worldwide and recovered from three different host 90 species (rainbow trout, Atlantic salmon and coho salmon). 91
16S rRNA allele-specific PCR assay 92
Only six of the 169 tested F. psychrophilum isolates, including the type strain NCIMB 1947 T were 93 positive for both the ATCC 49418 and the CSF 259-93 allele (five from rainbow trout and one 94 from coho salmon); one isolate obtained from rainbow trout possessed the ATCC 49418 allele 95 only; whereas all the remaining study isolates (142 from rainbow trout and 20 from Atlantic 96 salmon) contained the CSF 259-93 allele only (Table 3) . 97 
Plasmid profiling 109
Plasmid profiling detected seven distinct profiles among 169 F. psychrophilum isolates (p1 -p7; 110 
Serotyping 146
Antisera titres were determined by ELISA with homologous antigens (Table 4) 
Population analyses of the UK F. psychrophilum isolates 156
PFGE groups E (cluster I), P, Q, T and the singleton S (cluster II) were numerically dominant and 157 accounted for 234 of the 292 study isolates (80 %). F. pychrophilum isolates belonging to PFGE 158 group P (n = 75) including eight pulsotypes were found to predominate within the UK originating 159 from eight sites in Scotland, England and Northern Ireland. Singleton (pulsotype) S possessed 40 160 isolates originating from four Scottish sites and one English site. Meanwhile, PFGE group E with 161 four pulsotypes (n = 48, five sites) and PFGE group Q with two pulsotypes (n = 37, three sites) 162 contained isolates exclusive to Scottish sites. PFGE group T (n = 40) comprised of sevenpulsotypes and appeared to be the predominant genotype of European F. psychrophilum isolates 164 used in this study, originating within the UK (34 isolates, six sites in Scotland and four in 165 England), Finland, Denmark as well as elsewhere in Chile. In addition to the pulsotypes detected 166 at multiple sites, most of PFGE singletons (24/27) were unique to 15 sites, e.g. singletons A, B, 167 BB, CC, FF and HH at site Scot V. 168
The majority of UK F. psychrophilum isolates (186/292, 64 %) were collected from three Scottish 169 sites (Scot I, Scot III and Scot V). The genetic heterogeneity over 3 -11 years of F. 170 psychrophilum isolates within each site is summarised in respectively and 32 % in our work. Although it is difficult to compare the results between studies 231 due to the variation of the protocols and interpretive criteria used, these findings indicated a 232 higher overall genetic diversity of UK F. psychrophilum isolates, observed by PFGE using SacI 233
enzyme. 234
Despite a large number of pulsotypes identified, most of the 292 UK isolates (80 %) could be 235 resolved into four genetically distinct PFGE groups (P, E, Q, T) and singleton S, that were 236 consistently recovered from farms across the UK over the six years sampled (2009 -2015) . This 237 is suggestive that particular pulsotypes possess selective advantages, over the wide range of other 238 pulsotypes recovered that favour their transmission and colonisation of salmonids within UK 239 farms. The recovery of similar PFGE groups from multiple sites over an extended period also 240 likely reflects the structure of the UK rainbow trout industry, where the movement of live fish 241 between sites is widespread, encouraging the spread of associated pathogens. In addition, it is 242 possible to closely align the main PFGE profiles in this work and previous studies: PFGE group T 243 isolates (Nilsen et al. 2014 ). In the current study, the co-existence of more than one virulent 272 isolate (e.g. pulsotypes G and P2 in site N Ire I, pulsotypes T1 and U1 in site Scot XV) were 273 recorded but only one virulent isolate was found predominant, suggesting this isolate tends to be 274 associated with a disease outbreak. The selection of virulent strains may depend on some 275 underlying factors related to fish husbandry of the farm (Madetoja et al. 2002; Sundell et al. 276 2013) . Although the contribution of these multiple strains within an outbreak, as well as the 277 variation in virulence, is still unclear, these authors suggested that together with the majority of Table 4 . Antigens and rabbit antisera titers included in this study 446 
